Abstract: The hydrostatic compression of the chiral metal-organic framework [Ni(L-Asp)(H 2 O) 2 ] $ H 2 O (NiAsp-I) has been studied to 6.07 GPa by single crystal X-ray diffraction. Over the course of this pressure range the compound undergoes a phase transition between 0.58 GPa and 1.26 GPa, yielding NiAsp-II. Both polymorphs are orthorhombic, P2 1 2 1 2 1 , and feature 1D chains of Asp-NiAsp moieties. During the transition, the Ni(II) octahedra rotate, resulting in a dramatic shift in the position of the axial bonds with respect to the direction of polymer formation, and gives rise to an anisotropic compression of the unit cell dimensions.
Introduction
High pressure crystallography has proved to be a useful tool to probe polymorphism in organic molecules [1] [2] [3] , particularly in the area of pharmaceutical molecules [4] , where different polymorphs can affect factors such as, bioavailability, solubility and activity. Recently high pressure crystallography has been utilised to study coordination complexes, where pronounced effects upon coordination number and geometry can have a direct effect upon the spectroscopic properties and magnetism of the complexes [1, 5] . One particular facet of coordination chemistry in which high pressure crystallography has proved to be an invaluable technique is within metal-organic framework (MOF) chemistry [6] [7] [8] , where one-, two-, or three-dimensional polymers are formed though the combination of polydentate ligands and metal ions or polynuclear clusters. An example of applying high pressure crystallography to MOFs is the study of ZIF-8 (Zn(MeIm) 2 , MeIm ¼ 2-methylmidazolate), where the application of pressure up to 1.47 GPa causes a phase transition to occur, driven by the twisting of the bridging MeIm ligands, increasing the accessible pore space within the structure [9] . This phase transition has now been linked to the apparent pore opening observed during a step within the N 2 isotherm of ZIF-8, using a combination of computational and in-situ powder X-ray diffraction techniques [6] . The structural study of MOFs at extreme pressures provides a systematic route for determining the flexibility of a framework, and for elucidating how these changes affect the materials properties, which may be observed at much more modest pressures ex-situ. Recently we studied the effect of pressure upon the aspartate derived Cu(II) framework CuAsp (Asp ¼ aspartate) [10] , where the application of pressure up to 7.9 GPa caused the structure to undergo a phase transition, which resulted in the coordination environment increasing from [ 2 ] $ H 2 O to 6.07 GPa. In this study, the effect of pressure on a framework with a far less flexible coordination environment is reported, where the structural changes are driven by the rotation of coordination bonds and an H-bond rearrangement with a solvent of crystallisation.
High pressure crystallography: general procedures
High pressure experiments were carried out with a Merrill-Bassett diamond anvil cell (DAC) equipped with 600 μm culet diamonds and a tungsten gasket. The sample and a chip of ruby (as a pressure calibrant) were loaded into the DAC with a 4 : 1 mixture of methanol and ethanol as a hydrostatic medium. The ruby fluorescence method was utilised to measure the pressure [11] .
Data collection, reduction and refinement
A sphere of data was collected on a crystal of NiAsp-I at ambient temperature and pressure in order to provide data for comparison with the high pressure studies, which were also performed at ambient temperature (see below). Diffraction data were collected on a single crystal of NiAsp-I on a Bruker APEX-II diffractometer with graphite-monochromated MoKα radiation (λ ¼ 0.71073 Å). These data were integrated using the program SAINT [12] , while the absorption correction was carried out with the program SADABS [13] . Refinement was carried out against yFy 2 using all data [14] and the structure solved using SIR92 [15] . The final conventional R-factor was 0.019 for 3484 data. Listings of crystal and refinement data are given in the supplementary information. High pressure diffraction data were collected with synchrotron radiation on a Bruker APEX II diffractometer at the CCLRC Daresbury Laboratory, SRS, on Station 9.8 (λ ¼ 0.4762 Å). Data were collected in ω-scans in 8 settings of 2θ and ϕ with a frame time and step size of one second and 0.3°respectively. The data were integrated using the program SAINT using 'dynamic masks' to avoid integration of regions of the detector shaded by the body of the pressure cell [16] . Absorption corrections for the DAC and sample were carried out with the programs SHADE [17] and SADABS, respectively. Data were collected from 0.14 GPa up to a final pressure of 6.07 GPa, above which the sample became polycrystalline. On increasing pressure from 0.58 GPa to 1.26 GPa, the sample underwent a single-crystal to single-crystal phase transition to a new phase, hereafter referred to as NiAsp-II Refinements of NiAsp-I to 0.58 GPa were carried out starting from our room temperature re-determination of the structure. Refinements were carried out against yFy 2 using all data [14] . Because of the low completeness of the high pressure data-sets, all 1,2 and 1,3 distances on the aspartate ligand were restrained to the values observed in the ambient pressure structure, however all torsion angles and metal to ligand distances were refined freely. Thermal similarity restraints were also applied to the aspartate ligand. All hydrogen atoms attached to carbon and nitrogen were placed geometrically and not refined. The numbering scheme used is shown in Fig. 1 . Only the nickel atom was refined anisotropically, while all other non-hydrogen atoms were refined with isotropic thermal parameters. NiAsp-II at 1.26 GPa was solved using the atomic coordinates from the room temperature re-determination of NiAsp-I, and refinements were carried out against yFy 2 using all data [14] . All 1,2 and 1,3
distances on the aspartate ligand were restrained to the values observed in the ambient pressure structure, due to the low completeness of the high pressure data-sets, as with the refinement of NiAsp-I high pressure data. Again, all torsion angles and metal to ligand distances were refined freely. Thermal similarity restraints were also applied to the aspartate ligand. All hydrogen atoms attached to carbon and nitrogen were placed geometrically and not refined. Listings of crystal and refinement data are given in the supplementary information. All cifs have been deposited in the CCDC (CCDC numbers 953039-953047).
Results and discussion
Herein we report the effect of high pressure on the 1D coordination polymer [Ni(L-Asp)(H 2 O) 2 ], (NiAsp-I), to 6.1 GPa. Under ambient pressure conditions NiAsp-I crystallises in the orthorhombic space group [19] . The Ni(II) ion is in an octahedral geometry, with Asp co-
The coordination sphere of Ni in NiAsp-I at ambient pressure, and the solvent of crystallisation. Nickel is green, oxygen is red, nitrogen is blue, carbon is grey and hydrogen is white.
ordinating via a tridentate O-N-O chelation comprised of a five-and a six-membered metallacycle, and a synanti bridging functionality arising from the C4 carboxylate of the six-membered metallacycle (Fig. 1) . The coordination sphere is completed by two water ligands, bound in a cis arrangement. For the purpose of this study, the equatorial bonds are defined as the amino Natom from the aspartate (N1), the β-carboxylic oxygen (O3), the bridging β-carboxylic oxygen (O4), and a water oxygen (O5). The axial bonds are the α-carboxylic oxygen (O1), and a water oxygen (O6). A single water molecule exists outside of the coordination sphere as a solvent of crystallisation. The bridging mode from the C4 carboxylate results in the formation of a one-dimensional coordination polymer, with the bridging oxygen (O4) coordinated trans to the nitrogen at the centre of the O-N-O chelation to Ni. Each NiAsp moiety is rotated by 180°upon each connection, due to the 2 1 screw along the [010] direction. This results in each Ni-Asp molecule being arranged in a herringbone arrangement giving an angle of 31°between adjacent Ni atoms along the [010] direction (Fig. 2a) . The axial bonds point 86°to the direction of polymer formation (Fig. 2b) .
On applying pressure up to 0.58 GPa, the structure shows an anisotropic decrease in unit cell dimensions with the a, b and c-axes decreasing in length by 0.13, 0.04 and 0.04 Å respectively, while the volume decreases by ≈17 Å³ (840.50(3) to 823.16(5) Å 3 , Fig. 3 ). On increasing pressure further to 1.26 GPa, the unit cell compression is again anisotropic. However, contrary to the initial compression both the b-and c-axes actually increase in length by 0.19 Å and 0.14 Å respectively whilst the a-axis decreases by a further 0.95 Å, resulting in an overall decrease in unit cell volume. This anisotropic compression is associated with a phase change in the structure from NiAsp-I to NAsp-II. On initially increasing pressure to 0.58 GPa in NiAsp-I, no significant change in the Ni-O/N bond lengths occurs, though interestingly all the coordination bonds increase slightly on increasing pressure (Table 1) . On undergoing the phase transition above 0.58 GPa to NiAsp-II, the coordination bonds again remain relatively unchanged. On further compression of NiAsp-II to 6.07 GPa here, statistically significant changes in the coordination bond lengths are observed, with the longest Ni-O bonds; Ni-O1, Ni-O4 and Ni-O5 compressing by 0.047(6) Å, 0.074(7) Å and 0.010(4) Å respectively. The shorter Ni-O coordination bonds; Ni-O3 and Ni-O6 actually increase in length. In our previous study of the effect of pressure upon the aspartate derived Cu(II) framework CuAsp, the application of pressure up to 7.9 GPa caused the structure to undergo a phase transition, increasing the coordination environment from
. This subtle phase transition CuAsp was driven by three effects; a sudden jump in the compressibility of the Jahn-Teller Cu-O bonds, the formation of repulsive H-bonding interactions between polymer chains, and a conformational change which promoted compression along the polymer chain. The lack of a JahnTeller axis in NiAsp, however makes the coordination bonds much more resistant to changes in pressure than in CuAsp.
The new high pressure phase, NiAsp-II, is isosymmetric with NiAsp-I and retains the orthorhombic space group P2 1 2 1 2 1: On comparing both phase-I and II, the Ni octahedra can be seen to tilt out of the plane of the zigzagging Ni atoms (described in Fig. 2a, 4c, d ), allowing the structure to compress along the a-axis direction. The tilting of the octahedra with respect to each other can be quantified by measuring the ENi-O4-C4-O3 torsion angle, which increases from 23.9°to 52.7°on increasing pressure from 0.58 GPa to 1.26 GPa, respectively (Fig. 4c) . The result is a slight elongation of the polymer chain leading to a subsequent increase in the length of the baxis on undergoing the transition. The c-axis also increases, and again, is a consequence of the tilting of the octahedra which causes adjacent polymer chains to be pushed further away from each other. The phase change can also be monitored by the change in orientation of the axial bonds with respect to the direction of polymer formation which can be quantified by the EO1-Ni1-Ni1 angle, which decreases from 87.2°to 62.1°on increasing pressure from 0.58 GPa to 1.26 GPa, respectively. Unlike our previous study of CuAsp where compression (and the observed phase transition) was driven though an axial Jahn-Teller compression, the presence of a rigid O-N-O tridentate chelation combined with the d 7 Ni(II), gives rise to a different mechanism for compression via a rotation of coordination bonds. In comparison, the largest conformational change in CuAsp results in only a marginal 4.7°increase in the EC1-C2-N1-Cu1 angle, equivalent to the EC1-C2-N1-Ni1 angle here, which decreased by 4.4°between ambient and 6.07 GPa. Similar behaviour has been observed in materials which exhibit negative linear compressibility (NLC) [18] , including a recent study on the 3D hybrid zinc formate framework, [NH 4 ][Zn(HCOO) 3 ] [19] . In this study, compressibility was driven not only by the compression of Zn-O bonds, but tilting of the formate ligands with in- creasing pressure. It would seem that compression studies of much simpler systems such as NiAsp where very high quality diffraction data can be collected at pressure might help explain phenomena observed in much larger 3-dimensional metal-organic framework systems where NLC behaviour is observed. Unsurprisingly for such an H-bond rich system substantial changes can be seen in the intermolecular interactions on increasing pressure. The most significant change, however involves the solvent water molecule (O7, Fig. 1 ) which under ambient pressure conditions is H-bonded to the carboxyl O-atoms (O4 and O1) on the same L-Asp ligand. On increasing pressure to 1.26 GPa (and undergoing the phase transition), a substantial Hbond rearrangement occurs as the water molecules rotate to form a new H-bonding interaction to the carboxyl oxygen atom O2 on an adjacent polymer chain (Fig. 5) . The new H-bond is much shorter, with the longer O7 … O4 Hbond (D … A) distance in NiAsp-I measuring 2.809(5) Å at 0.58 GPa replaced with a much shorter O7…O2 H-bond, which measures only 2.670(3) Å at 1.26 GPa. The other H-bond from the water solvent molecule, which is still H-bonded to the same carboxyl atom (O4), also reduces by 0.232(3) Å, measuring 2.719(3) Å ( Table 2 ). The expansion of both the b-and c-axes on undergoing the phase transition above 0.58 GPa is also followed by the other H-bonding interactions which interact along these directions (see Table 2 ). The intramolecular H-bond O(5)-H(51) … O(3) which interacts approximately along the a-axis direction however, actually increases from 2.687(4) Å to 2.877(3) Å on undergoing the phase transition. The increase here however is directly correlated Tab. 2: The effect of pressure upon the H-bonding interactions in NiAsp-I and NiAsp-II . Interactions along the a, b and c-axis (7) i ¼ x, with the conformational change in the polymer, which causes both the polymer chain and this intramolecular H-bond to increase in length.
Conclusions
In conclusion, the application of pressure to the one-dimensional polymer NiAsp (referred to as NiAsp-I) causes a phase transition to occur between 0.58 GPa and 1.26 GPa to form NiAsp-II, highlighted by an anisotropic change in the unit cell dimensions. The transition is driven by both the rotation of the Ni(II) octahedra within the polymer chains (causing the axial bonds to pivot towards the direction of polymer formation), and a H-bond rearrangement of the solvent water molecule, which forms much shorter and stronger H-bonding interactions in NiAsp-II. This has the effect of reducing the a-axis length, whilst increasing both the b-and c-axes. Unlike in our previous study of CuAsp where the transition was driven by a compression of the Jahn-Teller axes, the presence of a rigid O-N-O tridentate chelation combined with a d 7 Ni(II),
indicates that reduction in unit cell parameters can only occur when driven by rotation of coordination bonds.
